+ and NADH/NAD + ), thiols, and reactive oxygen species (ROS) and play central roles in cell metabolism, cellular signaling, and cell-fate decisions. A comprehensive evaluation or multiplex analysis of redox landscapes and dynamics in intact living cells is important for interrogating cell functions in both healthy and disease states; however, until recently, this goal has been limited by the lack of a complete set of redox sensors. We recently reported the development of a series of highly responsive, genetically encoded fluorescent sensors for NADPH that substantially strengthen the existing toolset of genetically encoded sensors for thiols, H 2 O 2 , and NADH redox states. By combining sensors with unique spectral properties and specific subcellular targeting domains, our approach allows simultaneous imaging of up to four different sensors. In this protocol, we first describe strategies for multiplex fluorescence imaging of these sensors in single cells; then we demonstrate how to apply these sensors to study changes in redox landscapes during the cell cycle, after macrophage activation, and in living zebrafish. This approach can be adapted to different genetically encoded fluorescent sensors and various analytical platforms such as fluorescence microscopy, high-content imaging systems, flow cytometry, and microplate readers. A typical preparation of cells or zebrafish expressing different sensors takes 2-3 d; microscopy imaging or flow-cytometry analysis can be performed within 5-60 min.
Introduction
Oxidation-reduction reactions play central roles in cell metabolism and are integral components of cellular signaling and cell fate decisions. Cellular redox states are mainly governed by pyridine nucleotides (NADPH/NADP + and NADH/NAD + ), thiols, and ROS, which form a complex network of interactions (Fig. 1 ). Among them, both NADPH and NADH result from glucose catabolism in the cytosol and the citrate acid cycle in the mitochondria; however, they engage in distinct metabolic pathways 1 . NADPH governs fatty acid, nucleotide, and amino acid biosynthetic pathways 2 , and provides reducing power for thiol redox networks such as glutathione (GSH) systems and thioredoxin (Trx) systems, which then scavenge ROS and repair ROS-induced damage 3, 4 . In addition, NADPH can also be used to generate ROS through the tightly regulated NADPH oxidase activity in addition to NADH-dependent ROS generation in mitochondria 4, 5 (Fig. 1 ). By contrast, NADPH's dephosphorylated form, NADH, plays a central role in cellular energy metabolism and drives ATP production in the cytosol by glycolysis and in the mitochondria by oxidative phosphorylation (OXPHOS) 6 ( Fig. 1 ). NADPH is generally thought to be generated primarily via the oxidative pentose phosphate pathway (PPP) 7 . However, other potential sources of NADPH exist in mammalian cells, including reactions catalyzed by isocitrate dehydrogenase (IDH1/2), malic enzyme (ME1/3), methylene tetrahydrofolate dehydrogenase (MTHFD1/2), glutamate dehydrogenase (GDH), aldehyde dehydrogenase (ALDH), and nicotinamide nucleotide transhydrogenase (NNT) 2, 7, 8 . Among them, MTHFD-mediated serine/glycine metabolism is an important source of NADPH 2, 7 . NADH in the cytosol is primarily generated by glycolytic reactions and is then consumed during the reduction of pyruvate into lactate 1 . NADH in the mitochondria is mainly a product of pyruvate decarboxylation and the citrate acid cycle 1 . NADH and NADPH are connected by mitochondrial NNT 1 . The redox states of pyridine nucleotides, thiols, and ROS are highly compartmentalized and dynamic; maintaining redox homeostasis is vital for the execution of compartment-specific redox processes. Perturbation of redox metabolism leads to impaired cellular function, thereby increasing the risks of numerous disease-associated pathologies 4, 5 . Therefore, a comprehensive evaluation or multiplex analysis of redox landscapes and dynamics in living cells is critical for interrogating cell functions in both healthy and disease states.
Methods for redox analysis
Traditional biochemical methods for the analysis of redox states of specific metabolites, i.e., chromatography, mass spectrometry, enzymatic cycling assays 9, 10 , capillary electrophoresis 11 , and isotopelabeling techniques 2, 12 , are invasive and do not capture the transient subcellular redox changes associated with metabolic activation or dysfunction in intact individual cells. Furthermore, all these methods suffer from potential sample oxidization or degradation during processing, potentially leading to spurious measurements of the redox-active species. Alternatively, researchers have used the autofluorescence of some redox metabolites (i.e., NADPH, NADH, and flavin adenine dinucleotide (FAD)) to monitor the cellular redox state 6, 13 . Unfortunately, NADPH and NADH have similar spectral properties and are difficult to differentiate optically, although they have distinct functions in cells.
To monitor the cellular redox state and dynamics spatiotemporally, genetically encoded fluorescent sensors targeted to subcellular organelles were developed and used to monitor redox states ETC, electron transport chain; GPx, glutathione peroxidase; GR, glutathione reductase; GSH, reduced glutathione; GSSG, oxidized glutathione; IDH1/2, isocitrate dehydrogenase 1/2; LDH, lactate dehydrogenase; ME1/3, malic enzyme 1/3; MTHFD1/2, methylene tetrahydrofolate dehydrogenase 1/2; NADK, NAD kinase; NAM, nicotinamide; NAMPT, nicotinamide phosphoribosyltransferase; NMN, nicotinamide mononucleotide; NMNAT, nicotinamide mononucleotide adenylyltransferase; NNT, nicotinamide nucleotide transhydrogenase; NOX, NADPH oxidase; PDH, pyruvate dehydrogenase; PPP, pentose phosphate pathway; Pro-S 2 , protein with a disulfide bond; Pro-(SH) 2 , protein with reduced thiols; Prx3/5, peroxiredoxin 3/5; R-5-P, ribulose 5-phosphate; SIRT2, sirtuin 2; TCA, tricarboxylic acid cycle; TR, thioredoxin reductase; Trx-S 2 , oxidized thioredoxin; Trx-(SH) 2 , reduced thioredoxin.
of living cells (Table 1) . Very recently, we reported a series of highly responsive, genetically encoded fluorescent sensors for NADPH 8 that substantially strengthen the existing toolset of genetically encoded sensors for thiols [14] [15] [16] [17] , H 2 O 2 18-21 , and NADH [22] [23] [24] redox states. Together, these sensors should advance the study of redox biology 25 .
Genetically encoded NADPH sensors
Genetically encoded fluorescent sensors have become potent optical tools for monitoring cellular states and events 26 . A few genetically encoded NADH sensors have recently been developed by coupling fluorescent proteins to the NADH-binding domain of the bacterial repressor Rex, permitting the monitoring of dynamic changes in NADH levels and cellular energy metabolism states 22, 24, 27, 28 . We have recently developed SoNar, a highly responsive NADH/NAD + sensor that has superior properties, including intense fluorescence, rapid responsiveness, pH insensitivity, and a wide dynamic range, enabling the sensor to be useful not only for microscopy but also for in vivo imaging 22, 23, 29 . Because the molecular structure of NADPH is very similar to that of NADH, with only one additional phosphate group at the 2′ position of the ribose ring, we reasoned that SoNar could be used as a template for designing an NADPH sensor. After structural bioinformatics analysis of ligand 8 . iNap sensors are intrinsically ratiometric, with two excitation wavelengths, and have opposing responses to NADPH binding when excited at 420 and 485 nm, leading to 500-1,000% ratiometric fluorescence changes (Fig. 2a,b) . Fluorescence titration studies showed that iNap1-4 sensors have apparent dissociation constants (K d values) of~2.0,~6.0, 25, and~120 μM, respectively (Fig. 2c) . Thus, iNap sensors with various affinities further expand their application in different cells and subcellular organelles. For mammalian cells, we suggest using iNap1/2 for measurement of low-abundance cytosolic NADPH and iNap3 for measurement of higher-concentration mitochondrial NADPH 8 . Unlike the NADH/NAD + ratio sensor SoNar, the iNap sensors are responsive only to NADPH concentrations and not to the NADPH/NADP + ratio. The response of iNap sensors to various NADPH concentrations is not substantially affected by physiological concentrations of free NADP + , suggesting that NADP + does not compete with NADPH binding to iNap 8 . Therefore, iNap can be used only as an authentic reporter for NADPH. Similar to SoNar, iNap sensors have favorable characteristics such as intense fluorescence, rapid responsiveness, pH insensitivity, and a large dynamic range; allow targeting to subcellular organelles; and can be used in ratiometric imaging and for dynamic measurements in living cells and in vivo.
On the basis of the equilibrium that is a result of the enzymatic reaction of malic enzyme, isocitrate dehydrogenase, and shikimate dehydrogenase, three different research groups estimate the cytosolicfree NADPH/NADP + ratio to be 15-333 (refs 9,30,31 ) (Table 2) , which is much higher than the wholecell NADPH/NADP + ratio (typically 1-3) 9, 30, 31 . Such a difference may be due to a large fraction of cytosolic NADP + being bound to protein 30 . To our knowledge, subcellular free NADPH levels in living cells have not been rigorously quantified, owing to lack of appropriate quantitative noninvasive methodology. Utilizing iNap sensors, we found that the cytosolic-free NADPH level (~3.1 μM) in mammalian cells was one order of magnitude higher than the free NADH level (~0.12 μM), which is slightly greater than the previous estimate of a NADPH/NADH ratio of~4 (ref. 32 ). By contrast, the 
Fig. 2 | Properties of iNap1-4 sensors. a, iNap1-iNap4 fluorescence intensity at an excitation of 420 nm (F420) or 485 nm (F485) in the presence of different concentrations of NADPH. Emissions were measured at 528 nm. b, Normalized NADPH titration curves of iNap1-iNap4 sensors. c, Occupancy of iNap1-iNap4 sensors. Binding affinities for NADPH were determined to be 2, 6, 25, and 120 µM, respectively. RFU, relative fluorescence units.
mitochondrial free NADPH concentration (~37 μM) was estimated to be roughly equal to the free NADH concentration (~30 μM) that we previously measured using the Frex sensor 24 (Table 2) , consistent with recent fluorescence lifetime imaging (FLIM) imaging showing that the enzyme-bound NADPH/NADH ratio is~0.7 (ref. 6 ). Thus, the mitochondrial NADPH pool merits more attention, especially in the endogenous NAD(P)H fluorescence assay, as it makes a comparable contribution to mitochondrial NAD(P)H signals, now widely used for the evaluation of mitochondrial function in settings ranging from animal models to human studies 33 . The relatively high NADPH levels in mitochondria may be essential for scavenging excessive ROS from the electron transport chain, which can disrupt cellular functions through the oxidation of lipids, proteins, and DNA 34 . NADP + , the oxidized form of NADPH, is generated de novo from NAD + by NAD kinase (NADK) 5 . Human cells have two compartment-specific NADKs, cytosolic NADK and mitochondrial NADK2 (refs 35,36 ). Notably, iNap imaging indicated that not only the cytosolic NADPH pool, but also the mitochondrial NADPH pool, is regulated by cytosol-localized NADK, suggesting that NADP + produced in the cytoplasm can influence mitochondrial stores. Interestingly, a recent study also suggested that there are multiple sources of mitochondrial NAD + and that cytosolic NAD + may be transported into mitochondria 37 . There is currently no direct evidence for the physiological transport of NADP(H) across the inner mitochondrial membrane.
For mammalian cells, we found that measurement of the low abundance of cytosolic NADPH could be performed using iNap1, iNap2, or iNap3 sensors, and that measurement of higher mitochondrial NADPH abundances could be performed using iNap2 or iNap3 sensors, producing reasonably similar quantitative results. Utilizing iNap sensors, we found that mammalian cells have a strong tendency toward maintaining physiological NADPH homeostasis, which is regulated by glucose-6-phosphate dehydrogenase (G6PD) and AMP kinase (AMPK) 8 . Intriguingly, the physiological steroid hormone dehydroepiandrosterone (DHEA), a well-known G6PD inhibitor that is All P values were obtained using unpaired two-tailed Student's t tests. *P < 0.05, **P < 0.01, ***P < 0.001. Scale bars, 10 µm.
thought to inhibit NADPH regeneration, actually activated the AMPK pathway, rerouted NADPH utilization from reductive biosynthesis to antioxidant functions, and showed pro-survival effects in the glucose-fed state under oxidative stress through the maintenance of NADPH levels. We further demonstrated that the iNap sensors can be used to report NADPH fluctuations during the activation of macrophages or during the wound response in vivo.
Overview of the protocol
In this protocol, we describe strategies for in situ multiplex fluorescence imaging of pyridine nucleotides, thiol redox, and H 2 O 2 using genetically encoded sensors in single cells. The procedure consists of four key stages. The first section of the protocol describes protein expression, purification, and titration of iNap sensors (Steps 1-4). According to the affinities (from the titration data) of iNap1-4, researchers can choose the appropriate iNap sensor for their applications in different cells (e.g., Escherichia coli, yeast, and mammalian cells) or organelles. Furthermore, researchers could also use the recombinant iNap protein for intracellular NADPH quantification (refer to a SoNar-based protocol for quantification of the intracellular NADH/NAD + redox state 23 ). The second section describes the steps used for three-parametric (Fig. 3) or four-parametric imaging (Fig. 4) , and longterm imaging (Fig. 5 ) of redox sensors in single cells. The third section of the protocol (Steps 12-17) describes the flow-cytometry analysis of redox sensors in living cells (Fig. 6) . The fourth section of the protocol (Steps 18-32) describes the steps for the preparation of sensor messenger RNA (mRNA), microinjection, and multi-parametric imaging of zebrafish expressing redox sensors (Fig. 7) . Throughout this protocol, NADPH and NADH sensors with green fluorescent spectra are used (i.e., iNap and SoNar), and the thiol redox and H 2 O 2 sensors are excited and imaged in the red (i.e., rxRFP and HyPerRed) or green (i.e., roGFP1 and HyPer) fluorescence channels. With these tools, researchers can easily obtain comprehensive redox information at the single-cell and subcellular levels by multi-location or multi-color imaging of sensors.
Advantages and applications of the approach

NADH/NAD
+ , NADPH/NADP + , thiol redox, and H 2 O 2 converge to alter core cellular metabolism and perform important closely related roles in the generation of bioenergy (i.e., ATP), biosynthesis of macromolecules, and maintenance of cellular redox status ( Fig. 1) , three basic needs for virtually all organisms. In contrast to traditional biochemical or imaging methods targeting individual redox molecules with fragmented information, multiplex analysis of redox landscapes and dynamics in living cells and in vivo is a powerful and flexible technique for exploring protein/metabolite functions in biological systems and for elucidating dynamic biological processes in which pyridine nucleotides, thiol redox, and H 2 O 2 have an integrative role. 
Selection
Step 5 Step 6 Step 6
Step 6
Steps 7 The procedures described in this protocol can be robustly applied to studies of cell-cycle dynamics, macrophage activation, and living zebrafish. In addition, this approach can be adapted to different genetically encoded fluorescent sensors, using various analytical platforms such as fluorescence microscopy, high-content imaging systems, flow cytometry, and microplate readers. Considering the fundamental roles of redox biology in life science, this technique will attract the interest of diverse disciplines, from biochemistry to cell biology to disease pathology.
Limitations of the protocol
It is worth mentioning three concerns that must be considered when such techniques are applied in cells or organisms of interest:
• Currently available sensors are not suitable for simultaneous monitoring of the NADPH and NADH redox states in mitochondria because of their equivalent excitation and emission spectra. To overcome Step 12
Step 13 Step 14
Step Step 18
Step 19 Step 19 Step 20
Step 21
Step 22 Step 23
Step 24 Gel extraction Step 25
Step 26
Step 27
Steps 28 and 29
Step 30 Steps 31 • Compared with pH-resistant roGFP1, Peredox, Grx1-roGFP2, roGFP2-Orp1, and roGFP2-Tsa2ΔCR sensors, the fluorescence signals of circularly permuted yellow fluorescent protein (cpYFP)-based iNap, SoNar, Frex, and HyPer sensors (when excited at 488 nm) or rxRFP and HyPerRed sensors (when excited at 561 nm) are highly pH-sensitive (Table 1) . Thus, pH effects should be carefully considered when these sensors are applied to redox research. In the cytosol, pH effects were generally not observed in studies of cpYFP-based sensors 18, 22, 24 . For mitochondria, pH correction is often necessary because the pH is labile, depending on the state of energy metabolism and ROS generation. When pH fluctuations occur, they may be corrected by measuring the fluorescence of the redox sensor and its control sensor in parallel. Typically, iNapc, cpYFP, and pHRFP are the pH-control sensors of iNap1-4/ SoNar, Frex/HyPer, and rxRFP/rxRFP1.1, respectively. Taking iNap sensors as an example, the user could calculate the pH-corrected ratio (R′ iNap ) of cells using the equation
In this equation, R iNap and R iNapc represent the excitation ratio at 420/485 nm for iNap and iNapc, respectively, owing to their very similar pH responses 8 . Alternatively, iNap fluorescence can be measured with pH-resistant 420-nm excitation only, but at the expense of a reduced dynamic range. For ratiometric and pH-resistant measurements, iNap may also be fused to a red fluorescent protein such as mCherry, and measured on the basis of the green/red fluorescence ratio (i.e., 420/590-nm ratio).
Experimental design
Imaging and monitoring multiple redox parameters in single living cells The iNap cDNA can be easily delivered to a wide range of cell types by plasmid transfection or lentivirus infection. Here, we used a HeLa cell line co-expressing different redox sensors that were delivered using a liposomal transfection reagent. For multi-parametric imaging of single cells, optimization of the proportion of sensor plasmids is a critical step following their co-transfection into cells. This step not only determines whether 'positive' cells are expressing all sensors in a single cell but also determines whether the fluorescence intensity of each sensor is comparable to those of the others. Dual-excitation ratios are acquired using a Leica TCS SP8 SMD confocal laser-scanning microscope system with super-sensitive HyD hybrid detectors. For simultaneous imaging of multiple parameters, we suggest that researchers first focus on mitochondria. High axial resolution imaging of mitochondria may be obtained with a smaller pinhole. Shorter exposure times are generally helpful for reducing photobleaching and phototoxicity. For real-time imaging during the cell cycle, stable cell lines are highly desirable. Transient transfection usually causes lower cell viability and is not ideal for long-term imaging. Dual-excitation-ratio images are acquired using a high-performance fluorescence microscope with the necessary accessories, including a stable light source, a high-sensitivity CCD camera, appropriate filters, filter wheels, a Perfect Focus System (PFS) for real-time imaging, and a CO 2 incubator for long-term imaging.
Flow-cytometry analysis of redox landscapes in resting and activated RAW264.7 mouse macrophages For exogenous gene delivery using the most common cell lines, many lipid-based transfection reagents can be applied and are also commercially available (i.e., Lipofectamine 2000). For difficultto-transfect primary cells, lentivirus or adenovirus infection is the preferred means of gene delivery. As professional phagocytes, macrophages are endowed with many potent degradative enzymes that can disrupt nucleic acid integrity and make gene transfer into these cells an inefficient process 40 . In addition, macrophages are very responsive to 'danger signals' and have potent antiviral responses. Therefore, we highly recommend non-liposomal and non-viral transfection approaches for macrophages.
Lipopolysaccharide (LPS) and interferon-γ (IFN-γ) are often used for macrophage activation, in which their incubation time is a critical step. In general, an 8-h incubation is necessary, and 14-16 h is better. For high-throughput analysis, flow cytometry with a 96-well plate holder is more efficient. Macrophages display obvious metabolic reprogramming during activation, from low glycolysis (M0 macrophages) to high glycolysis (M1 macrophages) 41 . Owing to lactate production, a control sensor is recommended for correcting pH effects, especially cpYFP-based redox sensors.
Multi-parametric imaging of redox sensors in living zebrafish
For in vivo imaging in zebrafish embryos, six important aspects must be considered in the experimental design: (i) sterile and high-quality mRNA must be obtained; (ii) single-cell-stage zebrafish embryos with high viability (generally, low-viability embryos are prone to death after microinjection) must be acquired; (iii) the amount and ratio of mRNA for each sensor must be established when performing multi-parametric imaging; (iv) expression time of the sensor after mRNA microinjection (typically 48 h) must be considered; (v) optimal anesthetic dosage must be determined (overdose easily causes the death of zebrafish larvae); and (vi) onset of zebrafish larvae pigmentation must be avoided (at~24 h post fertilization) 42 . Thus, if necessary (e.g., when imaging zebrafish larvae 24-72 h post fertilization), a melanization inhibitor (such as N-phenylthiourea (PTU)) should be added to egg water to prevent pigment formation and avoid the interference of autofluorescence from pigments. Dual-excitation ratios are acquired using a Leica TCS SP8 SMD confocal laser-scanning microscope system with super-sensitive HyD hybrid detectors and an HC Plan Fluotar 5×/0.15 numerical aperture (NA) objective. Cloning strategies for iNap, iNapc, SoNar, Frex, rxRFP, roGFP1, HyPerRed, HyPer, pHRFP, and cpYFP plasmids The entire coding sequence of iNap1-4 was subcloned into the pRSETB vector (Invitrogen) for prokaryotic expression; the entire coding sequence of iNap1/3, iNapc, SoNar, Frex, rxRFP, HyPerRed, HyPer, pHRFP, or cpYFP with or without signal peptides was subcloned into the pcDNA3.1/ Hygro (+) vector (Invitrogen) for mammalian expression; the entire coding sequence of iNap1, iNapc, SoNar, roGFP1, or HyPer without signal peptides was subcloned into pLVX-IRES-Puro vector (Clontech) for the generation of recombinant lentivirus; and the entire coding sequence of iNap1, iNapc, SoNar, or HyPerRed without signal peptides was subcloned into the pTol2 vector for mRNA transcription. For nuclear, nuclear-excluded, or mitochondrial targeting, the localization sequences were inserted at the C terminus or N terminus of the sensors, as previously described 8, 22, 24 . All constructs, including iNap1-4, iNapc, SoNar, Frex, and cpYFP (Table 3) , are available upon request. c CRITICAL All of the sensors described in this protocol express well in mammalian cells and E. coli, making it unnecessary for researchers to perform codon optimization for expression of sensors in these cells. For expression in other cell types, such as yeast cells, these sensors may require codon optimization, which can be performed using Gene Designer 2.0 software (DNA 2.0) 43 .
Materials
HeLa cell culture medium HeLa cell culture medium is DMEM supplemented with 10% (vol/vol) FBS and 1% (vol/vol) penicillin-streptomycin. Store at 4°C for up to 1 month and preheat to 37°C before use.
RAW264.7 cell culture medium RAW264.7 cell culture medium is RPMI 1640 medium supplemented with 10% (vol/vol) FBS and 1% (vol/vol) penicillin-streptomycin. Store at 4°C for up to 1 month and preheat to 37°C before use. 
PBS containing 25 mM glucose (PBS-G)
PBS containing 0.1% (wt/vol) BSA (PBS-B)
PBS-B consists of 20 mM HEPES, 2.7 mM KCl, 138 mM NaCl, 1.5 mM KH 2 PO 4 , 8.1 mM Na 2 HPO 4 , and 0.1% (wt/vol) BSA at pH 7.4. Prepare fresh.
Buffer A Buffer A consists of 20 mM sodium phosphate, 500 mM sodium chloride, and 10 mM imidazole at pH 7.4. Prepare fresh.
Buffer B
Buffer B consists of 20 mM sodium phosphate, 500 mM sodium chloride, and 300 mM imidazole at pH 7.4. Prepare fresh. Ampicillin (100 mg/mL) Dissolve 5 g of ampicillin in 50 mL of ddH 2 O. Store in small aliquots at −20°C for up to 6 months. NADPH NADPH stock solution (100 mM) is made by dissolving the NADPH powder in HEPES buffer containing 100 mM NaCl (pH 7.3).
c CRITICAL Prepare fresh and wrap the container with aluminum foil.
Recombinant mouse interferon γ Dissolve the IFN-γ powder in PBS-B to a stock concentration of 100,000 U/mL. Store the solution in small aliquots at −20°C for up to 1 month.
Lipopolysaccharide from Escherichia coli (LPS)
Dissolve the LPS powder in double-distilled water to a stock concentration of 2 mg/mL. Store the solution in small aliquots at −20°C for up to 1 month. High-performance fluorescence microscopy system The fluorescence microscopy system is equipped with a Nikon Eclipse Ti-E automatic microscope, monochrome-cooled digital microscope camera (model no. DS-Qi1 Mc-U2), PFS, A Plan Apo 40 × 0.95 NA objective, a highly stable Sutter Lambda XL light source, and an on-stage CO 2 incubator (Tokai Hit). For dual-excitation ratio imaging, 407-BP 17-nm or 482-BP 35-nm excitation filters (Semrock) and a 535-BP 40-nm emission filter altered by a Lambda 10-3 filter wheel (Sutter Instruments) are used 23 .
N-phenylthiourea
FACS
The CytoFLEX S flow cytometer is equipped with four spatially separated lasers: a violet laser (405 nm), a blue laser (488 nm), a yellow laser (561 nm), and a red laser (638 nm), with up to 13 fluorescent channels. The CytoFLEX system includes a 96-well-plate loader and is compatible with high-throughput assays. Forward-scatter detection is based on the proprietary axial light loss sensor system, which uses silicon photodiodes and a built-in 488/8-nm BP filter. Fiber optics are used to deliver fluorescence and side-scatter light to Avalanche Photo Diode detector arrays. For signal processing, a fully digital system with seven-decade data display is used. Emission profile acquisition relies on reflective optics and single-transmission BP filters (KO525, 525/40 nm; FITC, 525/40 nm). Sample flow rates can be adjusted from 10 to 240 μL/min in 1-μL increments depending on the cell density. 96-well, standard flat-, U-or V-bottom plates are all available for the equipment.
Zebrafish microinjection system
The zebrafish microinjection system includes a Narishige IM-300 microinjector, MN-151 joystick micromanipulator, Olympus SZX10 stereoscopic microscope, Linemaster Treadlite II foot-operated switch, and other necessary accessories: an HI-7 injection holder and a G1 glass capillary. Nitrogen serves as the gas power supply, and its pressure is controlled between 40 and 50 p.s.i. The IM-300 microinjector serves as the main module of the system and connects the micromanipulator and footoperated switch. The HI-7 injection holder is designed for the G1 glass capillary, and the two parts are placed on the MN-151 joystick micromanipulator. The IM-300 microinjector is a multi-functional, electrically controlled pneumatic injector for the precise control of small volumes. Injection volumes are variable from microliters to femtoliters. Each zebrafish embryo is injected with 1 nl of mRNA through glass capillaries.
Procedure
Protein expression, purification, and titration of iNap sensors • Timing 3 d
1 Culture E. coli JM109 (DE3) cells carrying pRSETB-iNap in 100 mL of LB medium containing 0.1 mg/mL ampicillin at 37°C, and induce protein expression in the recombinant bacteria at an approximate OD 600 value of 0.4-0.6 with 1 mM IPTG at 18°C for 30 h. c CRITICAL STEP The OD 600 value must be between 0.4 and 0.6; otherwise, it will be difficult to express the protein.
? TROUBLESHOOTING 2 Harvest bacteria by centrifugation at 1,500g for 20 min at 4°C, and suspend the cell pellet in 25 mL of buffer A. Set the time of sonication (300 s; with a pattern of 1-s sonication, 3-s rest period), the number of cycles (4), and amplitude percentage (45%), and then lyse the cells by sonication. c CRITICAL STEP Cell pellets should be thoroughly sonicated. 3 Purify proteins using a column prepacked with Ni Sepharose 6 Fast Flow resin (GE Healthcare).
Wash the column with 10 mL of buffer A containing 50 mM imidazole, and then elute the proteins with 5 mL of buffer B. Desalt the protein preparations using a prepacked column with Sephadex G-25 Medium and exchange it into 100 mM HEPES buffer containing 100 mM NaCl (pH 7.3) for in vitro characterization. j PAUSE POINT The purified protein can be stored at −80°C for up to 6 months for analysis at a later time point. 4 For nucleotide titration experiments, prepare a 100 mM NADPH stock solution in HEPES buffer containing 100 mM NaCl (pH 7. c CRITICAL STEP Alternatively, the imaging plates or dishes can be coated with fibronectin, collagen I, collagen IV, laminin, or fibrinogen, depending on the cell type 44, 45 , to avoid cell detachment. c CRITICAL STEP Cells are expected to be 30-50% confluent at the time of transfection on the next day. Transfecting cells at a lower density allows a longer expression time for gene delivery, and minimizes the loss of cell viability due to cell overgrowth. Fix the total amount of plasmids (0.1 μg per well) and the volume of Hieff transliposomal transfection reagent (0.3 μL per well), and follow the manufacturer's protocol for transfection details. c CRITICAL STEP The ratio between the different sensor-encoding plasmids should be corrected for the differences in mass between the plasmids. c CRITICAL STEP Optimization of the molar ratio of transfected sensor plasmids is critical. This determines not only whether all desired sensors are expressed in a single cell but also whether the fluorescence intensities the sensors are comparable during imaging. In principle, we use higher amounts for low-expression sensors, and lower amounts for high-expression sensors. We have added the recommended sensor ratios, so that all desired sensors will be appropriately expressed. c CRITICAL STEP Typically, we suggest that researchers use iNapc and pHRFP as the control sensors for iNap1,3/SoNar and rxRFP/rxRFP1.1, respectively. c CRITICAL STEP Maintenance of cell viability is essential for assessing the redox state in living cells. Optimization of the transfection conditions, replacement with fresh medium at 4-6 h post transfection, or choosing transfection reagents with low toxicity (i.e., Fugene HD) can help to reduce cell damage during gene delivery. c CRITICAL STEP For long-term imaging, we recommend making stable cell lines using lentiviral infection. In short, produce lentivirus by co-transfecting pLVX-sensor vector and two lentiviral packaging vectors (pMD2.G and psPAX2) in HEK293T cells. After infection, select cells with 0.2-1 μg/mL puromycin for 1 week and then sort the fluorescent cells by FACS. For lentivirus production, please refer to the detailed protocols from Addgene (http://www.addgene.org/ protocols/lentivirus-production/) and Tiscornia et al. 46 For lentivirus infection, target cells in sixwell tissue culture plates are infected in media containing 8 μg/mL of polybrene and centrifuged at 1,000g for 1 h 47 .
7 Incubate the cells at 37°C in a humidified atmosphere, using a CO 2 incubator. After 24-36 h, remove the medium, rinse the cells twice with 100 μL of PBS-G, and then add 100 μL of PBS-G to each well for imaging. c CRITICAL STEP It is necessary to prewarm the PBS-G to 37°C. The cell density is expected to reach 70-80% confluency before imaging. All operations must be performed carefully to avoid dislodging the cells from the glass surface. 8 Incubate the cells at 37°C for 10-20 min. 9 Open the AFC, choose two to three moderately fluorescent cells, and record their coordinates.
Capture the fluorescence images of iNap1, SoNar, or iNapc using a 40× dry or 63× oil detection objective, a 405-nm or 488-nm excitation laser, and 500-to 550-nm emission range. Obtain the HyPerRed or rxRFP signals using a 561-nm excitation laser and a 570-to 630-nm emission range. c CRITICAL STEP It is important to obtain a stable baseline ratio before treatment. c CRITICAL STEP We use a Leica confocal laser-scanning microscope system with super-sensitive HyD hybrid detectors (Equipment setup). c CRITICAL STEP Optimize the imaging parameters (i.e., laser power, exposure time, and time intervals) to reduce photobleaching and phototoxicity. Although photobleaching and phototoxicity are not often the main concerns when using fluorescent protein-based sensors, we still suggest that researchers optimize the imaging parameters to reduce such undesired effects. c CRITICAL STEP For long-term imaging (e.g., imaging of cell-cycle dynamics), extra care should be taken to optimize the imaging parameters to reduce phototoxicity (i.e., light intensity, exposure time, gain, and time intervals). We acquire dynamic images using a high-performance fluorescence microscopy system equipped with a Nikon Eclipse Ti-E automatic microscope (Equipment setup). Open the PFS and choose two moderately fluorescent cells. Monitor the sensors for 24 h (time interval: 30 min). Ensure that the temperature and CO 2 concentration reach standard levels during the whole process. Disturbance of temperature or CO 2 concentration could cause undesirable deviations. Check the whole instrument setup every few hours. ? TROUBLESHOOTING 10 (Optional) Add agents to the cell culture media in order to perturb cellular redox state, mix gently, and continue imaging. c CRITICAL STEP Pipette carefully without touching the plate. 11 Export the raw data to ImageJ software as 12-bit TIFs for single-excitation and dual-excitation ratio image analysis. Fluorescence images with 561-nm excitation are pseudocolored red. The image of the excitation ratio of 405/488 nm is determined pixel by pixel and pseudocolored using the Hue-Saturation-Brightness (HSB) color space. Briefly, the red, green, and blue (RGB) values (255, 0, and 255) represent the lowest ratio and red values (255, 0, and 0) represent the highest ratio, whereas the color brightness is proportional to the fluorescent signals in both channels.
Flow-cytometry analysis of the redox state in resting and activated mouse macrophages • Timing 2-3 d
12 Seed RAW264.7 cells in a 12-well plate with a density of 2.5 × 10 5 cells per well and culture overnight. Deliver sensors into cells with FuGENE HD transfection reagent according to the manufacturer's instructions. c CRITICAL STEP See Step 6 for recommendations on the plasmid ratios. Optimize the transfection conditions and avoid cell damage. c CRITICAL STEP Liposomal transfection and virus infection are not suitable for gene delivery of macrophages. FuGENE HD is a non-liposomal transfection reagent and can deliver DNA into RAW264.7 cells with high efficiency and low toxicity. c CRITICAL STEP During transfection, we suggest that researchers use Cyt-iNapc, Cyt-cpYFP, Mit-iNapc, and Mit-cpYFP as the control sensors for Cyt-iNap1/Cyt-SoNar, Cyt-HyPer, Mit-iNap3, and Mit-Frex/Mit-HyPer respectively. ? TROUBLESHOOTING 13 Remove the culture medium 12 h after transfection and add fresh medium containing LPS (0.5 µg/mL) plus IFN-γ (250 U/mL) to activate the macrophages for 14-16 h. c CRITICAL STEP The incubation time of LPS plus IFN-γ is critical, generally at least 8 h. 14 Remove the medium, rinse the cells twice with PBS, and then add 0.4-0.5 mL of HBSS with 10 mM HEPES, pH 7.4, to each well. Scrape the cells gently with a cell lifter and pipette the cells repeatedly to obtain a single-cell suspension. Immediately transfer 0.3 mL of cell suspension to a 96-well plate for analysis. c CRITICAL STEP The PBS and HBSS should be preheated in a water bath to 37°C before use to maintain cell viability. 15 Measure fluorescence with a flow cytometer. Excite the cells with laser lines at 405 and 488 nm, and set emission filters at 525/40 nm for both excitation wavelengths. c CRITICAL STEP Optimize the measurement parameters in advance, i.e., stabilized lasers, gain value for each channel, and sample flow rate. The total number of recorded events depends on the transfection efficiency, and, thus, it is beneficial to record more fluorescent cells. HyPerRed mRNA at a molar ratio of 1:3 and microinject the total mRNA at a final concentration of 300 ng/µl. c CRITICAL STEP The final concentration of mRNA is generally 50 ng/μL for each sensor, and the total amount can be adjusted according to the fluorescence and survival of injected eggs. c CRITICAL STEP mRNA should be kept cold to avoid degradation. To ensure that mRNA is injected into embryos successfully, the mRNA can be mixed with indicator dyes such as phenol red (at a final concentration of 0.05% (wt/vol)). 28 Maintain the embryos in egg water at 28°C for 2 d under standard laboratory conditions. 29 (Optional) After culturing for 24 h, replace the egg water with fresh E3 medium containing 0.1 mM PTU to prevent melanin formation. c CRITICAL STEP Melanin can be formed during embryonic development. PTU can inhibit melanogenesis by blocking all tyrosinase-dependent steps in the melanin pathway 42 . Melanin-expressing melanophores are involved in the formation of longitudinal stripes of black in the skin 49, 50 .
30 In vivo imaging of living zebrafish (Steps 30-32). After 2 d, puncture the egg membranes with syringe needles and then transfer the larvae to a 24-well glass-bottom plate, one zebrafish larva per well. Before imaging, anesthetize zebrafish larvae in E3 medium with 0.6 mM tricaine. c CRITICAL STEP Ensure that the zebrafish are fully anesthetized to avoid zebrafish twisting or moving during the imaging process. The dosage of anesthetic should be adjusted according to the state of different batches of larvae. To minimize movement, larvae can also be fixed in 1% (wt/vol) low-melting agarose. 31 After 2-3 min, capture fluorescence images of iNap1, SoNar, or iNapc, using a 5× objective, 405-nm or 488-nm excitation lasers, and a 500-to 550-nm emission range. Obtain the HyPerRed signal using a 561-nm excitation laser and a 570-to 630-nm emission range. ? TROUBLESHOOTING 32 Export the raw data to ImageJ software as 12-bit TIFs for single-excitation and dual-excitation ratio image analysis. Fluorescence images with 561-nm excitation are pseudocolored red. The image of the excitation ratio of 405/488 nm is determined pixel by pixel and pseudocolored using the HSB color space. Briefly, the RGB values (255, 0, 255) represent the lowest ratios, and red values (255, 0, 0) represent the highest ratio, whereas the color brightness is proportional to the fluorescent signals in both channels.
Troubleshooting
Troubleshooting advice can be found in Table 4 .
Timing
Reagent setup: 1-2 h Steps 1-4, protein expression, purification, and titration of iNap sensors: 3 d
Steps 5-11, seeding, transfection, and three-parametric and four-parametric imaging of redox sensors in single living cells: 2-3 d 
Anticipated results
This protocol assists researchers in achieving multiplex analysis of redox landscapes and dynamics in living cells and in vivo. To measure NADPH, NADH, and thiol redox in single living cells simultaneously, we expressed iNap1 in the cytosol, using a nucleus-excluded signal peptide, SoNar, in the nucleus with a nuclear localization signal, and rxRFP throughout the whole cell (Fig. 3) ; alternatively, we expressed iNap3 in the mitochondrial matrix, using a mitochondrial signal peptide, SoNar, in the nucleus, and rxRFP1.1 in the mitochondrial matrix (Fig. 3) . In cells treated with the thiol-specific oxidant diamide, we observed a marked decrease in cytosolic and mitochondrial NADPH and thiol levels, but not nuclear NADH (Fig. 3) . In cells treated with the lactate dehydrogenase (LDH) inhibitor oxamate to increase the cytosolic NADH/NAD + ratio 22 , we observed a marked change in SoNar fluorescence but not in that of iNap1, iNap3, or rxRFP (Fig. 3) . Minimal changes in fluorescence were observed in control iNapc and pHRFP-expressing cells with diamide or oxamate treatment All P values were obtained using unpaired two-tailed Student's t tests. **P < 0.01, ***P < 0.001.
( Supplementary Fig. 1a-d ), indicating that there is only limited pH variation. To measure NADPH, NADH, thiol redox, and H 2 O 2 in single living cells simultaneously, we expressed iNap3 and rxRFP1.1 in the mitochondrial matrix, and SoNar and HyPerRed in the nucleus (Fig. 4) . In cells treated with the oxidants diamide and H 2 O 2 , we observed a marked change in the fluorescence of iNap3, rxRFP1.1, and HyPerRed, but not in that of SoNar (Fig. 4) . By contrast, nuclear SoNar showed obvious changes in fluorescence upon oxamate treatment (Fig. 4) . Metabolic reprogramming and accelerated cell-cycle progression are two important hallmarks of cancer cells, but how they are coordinated to promote cancer cell growth is poorly understood. During cell-cycle progression, we observed a moderate change in the fluorescence of iNap1, but not in those of SoNar, roGFP1, HyPer, or iNapc ( Fig. 5 and Supplementary Fig. 2a,b) , indicating that the increase in cytosolic NADPH plays an essential role during cell division, in agreement with a recent study 51 . Macrophage activation is known to induce dramatic metabolic reprogramming. Resting macrophages have low glycolysis rates but high rates of fatty acid oxidation (FAO) and OXPHOS 41 ; activated macrophages depend on glycolysis rather than mitochondrial ATP production, and release ROS and reactive nitrogen species (including nitric oxide) to kill pathogens 41 . However, a comprehensive evaluation of redox landscapes is lacking in resting and activated macrophages. We further established a biosensor-based flow cytometry analysis. LPS and IFN-γ treatment induced a substantial increase in NADH in the cytosol and mitochondria (Fig. 8) , suggesting mitochondrial inhibition and glycolysis activation in activated macrophages. Furthermore, its activation also induced obvious oxidative stress, as shown by NADPH depletion and thiol oxidation in the cytosol and mitochondria, rather than H 2 O 2 generation (Fig. 8) , consistent with previous reports that macrophages synthesize nitric oxide and consume NADPH upon activation 52 . The R 405/488 value of iNapc or cpYFP increased slightly in activated RAW264.7 macrophages compared with those of resting cells, which may be explained by the acidification of the cells (Supplementary Fig. 4a,b) .
To visualize NADPH and NADH dynamics in vivo, we microinjected mRNAs of iNap1 or SoNar into single-cell-stage zebrafish zygotes. Both sensors were expressed well, and their fluorescence was visible in 2-d zebrafish larvae (Fig. 9a,b) . Treatment with H 2 O 2 or the mitochondrial complex I inhibitor rotenone induced a specific NADPH decrease or NADH increase, respectively, as shown by the fluorescence of the two sensors (Fig. 9a,b ). To monitor NADPH and H 2 O 2 dynamics in vivo simultaneously, we microinjected mRNAs of iNap1 and HyPerRed (H 2 O 2 sensor) into a fertilized egg and observed a marked decrease in NADPH and an increase in H 2 O 2 levels at the wound margin in a previous study 8 . In zebrafish larvae simultaneously expressing SoNar and HyPerRed, H 2 O 2 treatment induced a substantial change in HyPerRed fluorescence, but not in that of SoNar; conversely, rotenone treatment induced a substantial change in SoNar fluorescence, but not in that of HyPerRed (Fig. 9c,d) . As a control, minimal changes in fluorescence were observed in iNapc-expressing zebrafish larvae with H 2 O 2 or rotenone treatment ( Supplementary Fig. 5a,b) .
Reporting Summary
Further information on experimental design is available in the Nature Research Reporting Summary linked to this article.
